Aims/hypothesis. PPARγ, a member of the nuclear hormone receptor family of transcription factors, plays a key role in adipocyte differentiation and insulin sensitivity. The aim of this study was to identify a potential dominant negative murine PPARγ mutant and to characterize the in vitro functional properties of this mutant. Methods. In vitro transient transfections and mammalian two-hybrid assays in TSA201 cells were used to characterize the transcriptional activity of the L466A mutant and to study the molecular interaction of transcriptional cofactors with the L466A mutant in an attempt to elucidate the mechanism of its dominant negative activity. Adenoviral constructs expressing PPARγ wild-type (AdWT) or the L466A mutant (AdL466A) were infected into the murine 3T3-L1 cell line to study the mutant's effect on adipogenesis. Results. The L466A mutant alone is transcriptionally defective. However, it retains DNA binding and inhibits the ligand-dependent and -independent activity of the wild-type receptor, consistent with dominant negative properties. In mammalian two-hybrid studies, the L466A mutant does not bind nuclear receptor coactivators. However, it more avidly recruits corepressors due to enhanced binding to the corepressor ID1 domain, leading to pronounced transcriptional repression. The AdL466A mutant inhibits adipogenesis induced by either a differentiation cocktail or by thiazolidinedione ligand. AdL466A infection also blocked the upregulation of the adipocyte marker genes aP2 and adipsin. Conclusion. We conclude that the L466A PPARγ mutant possesses potent dominant negative activity based on preferential corepressor recruitment and it inhibits adipogenesis and the expression of adipocyte-specific genes. [Diabetologia (2003) 46:365-377] 
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A dominant negative PPARγ mutant shows altered cofactor recruitment and inhibits adipogenesis in 3T3-L1 cells The first two authors contributed equally to this work. Peroxisome proliferator-activated receptor gamma (PPARγ), a member of the nuclear hormone receptor superfamily of ligand-activated transcription factors, plays an important role in various biological processes including adipocyte differentiation and glucose homeostasis [1, 2] . The binding of PPARγ to PPARresponse elements (PPREs) is critical for the activation of many adipocyte specific genes [3] . PPARγ shares a modular structure with other members of the superfamily and has the typical amino-terminal A/B domain, DNA binding domain (DBD) containing two zinc fingers, and ligand binding domain (LBD) that includes α-helix 12 at the C-terminus. PPARγ heterodimerizes with the retinoid X receptor (RXR) [4] , and this heterodimer binds to PPREs in target genes [5] and activates transcription upon the addition of ligand. Activation function domain 2 (AF-2) in helix 12 at the C-terminal region is highly conserved among nuclear receptors including PPARγ [6] . Helix 12 contributes to the conformational change necessary for cofactor recruitment, a requirement for ligand-dependent activation [7, 8] or ligand-independent repression [9] of transcription. PPARγ has been reported to recruit cofactors to activate or repress transcription, including SMRT [10, 11] , CBP/p300 [12, 13] , SRC-1 [8] , PBP/TRAP220 [14, 15] , and PGC-1 [16] .
In addition to PPARγ, adipocyte differentiation is regulated by several other transcription factors including CCAAT enhancer binding proteins (C/EBP) and adipocyte differentiation and determination factor 1/ sterol regulatory element binding protein 1 (ADD-1/ SREBP-1) [3] . Among these factors, PPARγ has emerged as a key regulator of adipogenesis. PPARγ null mice were generated to examine the role of PPARγ in vivo. However, the homozygous null mice could not be studied in depth due to placental dysfunction and embryonic lethality at E10-10.5 [17, 18] . PPARγ null ES cells did not undergo adipocyte differentiation after hormone treatment (dexamethasone and methylisobutylxanthine) in vitro [19] . In contrast, PPARγ was able to promote adipogenesis in C/EBPα-deficient cells, whereas C/EBPα did not promote adipogenesis in PPARγ-deficient cells [20] . These experiments support a key role for PPARγ as a regulator of adipogenesis. Additional evidence indicates that cofactor availability to PPARγ is also important in the regulation of adipogenesis. For example, ribozymemediated depletion of CREB-binding protein (CBP) inhibits adipocyte differentiation [13] , and ectopic expression of PPARγ in TRAP220 null fibroblasts does not induce adipogenesis [15] .
PPARγ also plays an important role in insulin sensitivity. The thiazolidinediones (TZDs), potent insulin sensitizing agents that lower blood glucose values in patients with Type 2 diabetes [21] , are high affinity PPARγ ligands [22, 23, 24] . The activation of PPARγ by TZDs improves insulin sensitivity, but results in body weight gain, possibly due to augmented adipogenesis. The precise mechanism by which PPARγ improves insulin sensitivity remains unclear but could involve decreased free fatty acids secondary to enhanced lipid storage [25] . Two heterozygous PPARγ mutations (P467L and V290M) have been identified in the LBD in human subjects with severe insulin resistance and diabetes [26] . These mutations were suggested to exert dominant negative activity, thereby impairing the function of the normal PPARγ allele. Another study [27] created a potent artificial human PPARγ dominant negative mutant by altering two residues (L468Q/E471A) in the coactivator contact surface of the carboxy terminal AF-2. This double mutant inhibited adipogenesis when introduced into 3T3-L1 cells [28] . As a prelude to creating an in vivo knock-in PPARγ mutant, we carried out detailed in vitro studies on the murine PPARγ L466A mutant, which corresponds to human L468. In addition to the previous studies of human PPARγ, the selection of the L466A mutant in mouse PPARγ was based on alignment with previously described dominant negative mutants (TRβ L454) in the human thyroid hormone receptor β (TRβ). Mutations in this homologous Leu residue cause a particularly severe form of resistance to thyroid hormone and in vitro studies document impaired binding to coactivators [29] . X-ray crystallographic data confirm that the Leu at 468 in human PPARγ (Leu 466 in mouse PPARγ) provides essential hydrophobic interactions with the LXXLL motif of steroid receptor coactivator-1 (SRC-1) [8] . We find that the murine L466A mutant shows strong dominant negative activity and inhibits both ligand-and hormone-induced adipogenesis.
Materials and methods
Plasmid construction. The mouse PPARγ1 cDNA (J. Reddy, Northwestern) was subcloned into pCMX expression vectors [30] using KpnI and SmaI restriction sites. A series of deletion mutants was generated by polymerase chain reaction (PCR) from the C-terminal region of PPARγ. Seven mutants were constructed by deleting the last five amino acids of the 474 amino acid full length PPARγ followed by groups of three consecutive amino acids from the carboxy-terminus codon to generate 469X, 466X, 463X, 460X, 457x, 454x, and 451x. A single point mutant, L466A, and a double point mutant E127G/G128S (DBDm), were generated by PCR site-directed mutagenesis. All constructs were confirmed by DNA sequencing (Perkin-Elmer Corp, Norwalk, Conn., USA).
The LBD, amino acid 162 to stop codon, of wild-type PPARγ1 or the L466A mutant were introduced into a VP16 backbone vector (AASV, [31] ) by inserting the LBD downstream of cDNA encoding the VP16 transactivation domain (AD) using 3-piece ligation. The fragment of PPARγ from amino acid 162 to amino acid 198 was amplified from pCMX PPARγ1 and a new in frame 5′ EcoRI site was created. This piece was digested with EcoRI and EcoRV and ligated with a PPARγ fragment (aa198 to stop codon) also digested with EcoRV and HindIII, and the VP16 vector digested with EcoRI and HindIII. The resulting plasmids were named VP16 WT and VP16 L466A. The same fragments were subcloned into pSG424 [32] to generate the Gal4WT-LBD and Gal4L466A-LBD. The Gal4 DNA binding domain in pSG424 was used as a control. Construction of VP16-SRC-1 was described previously [33] . Interaction domains of PPAR binding protein (PBP) (J. Reddy, Northwestern), amino acids 533 to 773, were amplified by PCR and inserted into the VP16 vector. An Ile to Thr mutation was created in the hydrophobic core region of interaction domain 1 (ID1) of human silencing mediator for retinoic and thyroid hormone receptors (hSMRT) (M.G. Rosenfeld, UCSD) and mouse nuclear corepressor (mNCoR) (R. Evans, Salk Institute), amino acids 2346 and 2281, respectively, using overlapping PCR site-directed mutagenesis. ID1 and the mutated interaction domain 1 (ID1M) of hSMRT and mNCoR from amino acids 2267 to 2352 and 2204 to 2370, respectively, were amplified from pCMX/hSMRT and pCMX/ mNCoR and subcloned into pSG424 (downstream of Gal4 DNA binding domain) using EcoRI and NheI/XbaI digests. Interaction domain 2 (ID2) of hSMRT and mNCoR from amino acids 2098 to 2266 and 2035 to 2203, respectively, were amplified and subcloned into the Gal4 vector. In addition, both interaction domains (ID1+ID2) were combined using PCR amplification and subcloned into the Gal4 vector. The resulting plasmids were named Gal4 ID1, Gal4 ID1 M, Gal4 ID2, and Gal4 ID1+2 for both hSMRT and mNCoR.
Two copies of the acyl-CoA oxidase (ACO) PPRE (5′-AGC TTA GGG GAC CAG GAC AAA GGT CAC GTT CGG GAG TCG ACA GGG GAC CAG GAC AAA GGT CAC GTT CGG GAC-3′) were subcloned into a reporter with the minimal thymidine kinase promoter (TK109) and luciferase gene [34] to generate 2XPPRE-TK-Luc as a reporter plasmid. The UASE1b-TATA-Luc reporter contains five copies of the upstream activating sequence (UAS) upstream of E1b-TATA in the pA3-Luc vector [35] .
Generation of transfer plasmids and recombinant adenoviral vectors.
A cassette containing either the wild-type or mutant mouse PPARγ1 cDNAs driven by the cytomegalovirus (CMV) promoter/enhancer with a simian virus (SV) 40 polyadenylation (p(A)) sequence was subcloned into an adenoviral transfer plasmid based on pcDNA3 (Invitrogen, Carlsbad, Calif, USA) [36] . The resulting plasmids were used to generate recombinant adenoviruses [36] . Recombinant adenoviruses carrying wild-type PPARγ, L466APPARγ and DBDmPPARγ were designated AdWT, AdL466A, and AdDBDm, respectively. Individual clones of the recombinant adenoviral vectors were purified and titrated by plaque assays. The sequences of the expression cassettes in the adenoviral vectors were confirmed by automated DNA sequencing. AdGal [37] , which contains β-galactosidase driven by CMV promoter, was used to evaluate the efficiency of gene transduction in the cell culture system. Cell Culture, transient tranfections, and mammalian twohybrid studies. The human embryonic kidney 293 TSA201 cells (TSA201) were maintained in Dulbecco's Modified Eagle's Medium (DMEM) with high glucose and 10% foetal bovine serum (FBS). Cells (2×10 5 cells/well) were plated into 12-well plates 24 h before transfection. Transfection was carried out by the calcium phosphate precipitation method [34] . Transient cotransfections were carried out with 500 ng per well of a reporter plasmid (2XPPRE-TK-Luc) and 10 ng per well of wild-type or mutant PPARγ constructs. To study dominant negative activity, an increasing amount, from 10 ng to 100 ng, of the mutant DNA (L466A or DBDm) was added with 10 ng per well of wild type PPARγ (WT). Increasing pCMX empty vector was added to each well to compensate for increased DNA concentration.
For mammalian two-hybrid studies, cells were cotransfected with an E1B-UAS-Luc reporter (50 ng/well) [38] , Gal4 constructs (5-0 ng/well), and VP16 constructs (50 ng/well). Eighteen hours post-transfection, the media was aspirated and replaced with media containing 1 µmol/l of the BRL49653 ligand (Glaxo Smith-Kline, London) or an equivalent amount of DMSO (no ligand). Twenty-four hours after the addition of ligand, cells were lysed and luciferase assays were done using a luminometer [34] . The mean and standard errors of triplicate samples are shown for representative experiments. All transfection experiments were repeated three or four times with similar results.
Electrophoretic Mobility Shift Assays (EMSA).
In vitro translation of WT, L466A, DBDm, and RXRα was performed using the T N T reticulocyte lysate system (Promega, Madison, Wis., USA). Synthetic oligonucleotides corresponding to the consensus PPAR response elements were created as follows: 5′-AG-GGGACCAGGACAAAGGTCACGTTCGGGA-3′ and 5′-TC-CCGAACGTGACCTTTGTCCTGGTC-3′. The probe was annealed at 95°C for 5 min, cooled down to room temperature stepwise by one degree per min and labelled with [ 32 P]dCTP by Klenow polymerase, EMSA was then carried out [34] . Briefly, each lysate (3 µl) of either wild-type or mutant PPARγ and RXRα were incubated with 20 fmole of [ 32 P]-labelled oligonucleotides with or without BRL49653 (1 µM). The DNAprotein complexes were resolved on 4% native polyacrylamide gels in 0.5×Tris-borate-EDTA (TBE) buffer.
Adenoviral infection of murine 3T3-L1 cells and adipocyte differentiation.
3T3-L1 cells (American Type Culture Collection, Manassas, Va., USA) were cultured in DMEM supplemented with 10% FBS. Transduction efficiency of adenoviral vectors in 3T3-L1 cells was tested using AdGal. β-galactosidase expression was detected in 95 to 100% of cells after 48 h of infection with AdGal at 1000 plaque-forming units (Pfu) per cell. Therefore, subsequent experiments were done using 1000 Pfu per cell of recombinant adenoviral vectors. Cells were plated in six well plates at a density of 1.5×10 5 cells per well and infected with adenoviral vectors 24 h later. Fresh media was added 24 h post-infection and incubated for 72 h to achieve and maintain confluence prior to induction of differentiation. For the induction of differentiation, cells were treated with 1 µmol/l BRL49653 and/or differentiation cocktail (MDI), 250 µmol/l methylisobutylxanthine, 1 µmol/l dexamethasone, 1 µg per ml insulin for 2 days [39] . Media was replaced with fresh media containing 1 µmol/l BRL49653 every 2 days. After 8 days of differentiation, adipogenesis and lipid accumulation were examined by staining with Oil Red-O [40] and the expression of adipocyte specific RNA markers. For Oil Red-O staining, cells were washed gently with phosphate-buffered saline (PBS) and stained with 60% filtered Oil red-O solution stock solution (0.5 gram in 100 ml isopropyl alcohol) for 20 min. After washing cells with PBS three times, cells were kept in 75% glycerol solution and photomicrographs were taken using an inverted microscope (Leitz Wetzlar, Germany). The results are representative of three independent experiments.
Triglyceride measurements. At the end of the adipogenesis assay, 200 µl of cell lysis buffer was added to each well. Triglyceride measurements were carried out using 3 µl of the lysis supernatant and 150 µl of Sigma Diagnostics Infinity Triglyceride Reagent (cat.# 343-25P). Absorbance was measured at 520 nm in a microplate reader (Emax; Molecular Devices, Sunnyvale, Calif., USA) following a 5 min incubation at room temperature. The cellular triglyceride concentration was then calculated based on a standard curve of known glycerol dilutions.
Semi-quantitative reverse transcription (RT)-32P polymerase chain reaction (PCR).
Total RNA was isolated from the 3T3-L1 cells on the 8 th day after initiation of differentiation using Trizol solution (InVitrogen, Carlsbad, Calif., USA) and semiquantitative RT-PCR was done [41] . Expression of aP2 (fatty acid binding protein), adipsin, and cyclophilin mRNA was measured using the following primers: aP2 antisene; 5′-cacattccaccaccagctt-3′ aP2 sense; 5′-tcaccatccggtcagagagta-3′ adipsin antisense; 5′-gatgttttcgatccacatccg-3′ adipsin sense; 5′-cagagtgtcaatcatgaaccgg-3′ cyclophilin antisense; 5′-ggtttctccacttcgatcttgc-3′ cyclophilin sense; 5′-acgagtcgtctttggactctttg-3′ PCR was carried out at 94°C for 1 min, 55°C for 1 min, 72°C for 1 min, for 19 cycles for aP2, and 24 cycles for adipsin and cyclophilin. For semiquantitative PCR, [ 32 P]dCTP was added into the reaction and PCR products were separated on 6% nondenaturing polyacrylamide gels, visualized by autoradiography, and quantitation was carried out using the Molecular Analyst/PC image analysis software for the Bio Rad model GS-670 densitometer.
Western blot analysis. Whole cell extracts were prepared from TSA, or 3T3-L1 cells after completion of adipogenesis on day 8 [42] . The extracts were separated by 12% SDS-polyacrylamide gel electrophoresis, and transferred onto nitrocellulose membranes (Amersham Pharmacia Biotech, Piscataway, N.J.). Immunodetection was carried out using a rabbit PPARγ polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, Calif., USA) and mouse anti-rabbit, horseradish peroxidase-conjugated IgG (Cell Signalling, Beverly, Mass., USA). Proteins were visualized with an ECL+Plus detection kit (Amersham Pharmacia Biotechnology) according to the manufacturer's instructions.
Results
Delineation of the carboxy terminal functional domain of PPARγ. Nuclear receptors vary widely in the number of carboxy terminal amino acids that can be deleted before there is loss of ligand binding or transcriptional activity from the AF-2. In some cases, such as for thyroid hormone receptor β (TRβ), deletion of as few as nine amino acids causes loss of function but acquisition of potent dominant negative activity. To characterize the transactivation activity of the carboxy terminus of murine PPARγ, a series of deletion mutants (469X, 466X, 463X, 460X, 457x, 454x, 451x) and two point mutants (L466A, DBDm) were created. These point mutations were created based on mutations in other members of the nuclear receptor family. The Leu residue at amino acid 466 of PPARγ was changed to alanine based on the naturally occurring mutation in Leu residue at 454 of TRβ (Fig. 1A) . A double point mutant (DBDm) was created by mutation of the P-box of the DBD after alignment of PPARγ with a mouse estrogen receptor alpha (ERα) mutant that possesses deficient DNA binding ability. To construct the DBDm, Glu at position 127 and Gly at position 128 of PPARγ were changed to Gly and Ser, respectively (Fig. 1A) .
Transient transfections in TSA201 cells were used to characterize the transcriptional activity of the mutants described above compared to that of wild-type PPARγ (WT). Based on Western blot analysis, PPARγ was not detected in whole cells extracts from TSA201 cells. However, PPARγ was detected by western blot analysis after transfection of the pCMX-PPARγ expression vector. The mutants described above showed impaired transcriptional activity when compared to that of WT in the context of a luciferase reporter gene (Fig. 1B) . The thiazolidinedione PPARγ ligand, rosiglitazone (BRL49653, 1 µmol/l), induced a 3-5 fold increase in luciferase activity in cells expressing WT PPARγ. The transactivation properties of this group of C-terminus deletion mutants were similar. The impaired transcriptional activity of 463x (C-terminus deleted from 474 to 463) is representative of the group, and confirms the requirement of the C-terminus for transactivation (Fig. 1B) . The basal transcriptional activities of all mutants (L466A, DBDm, and 463X) were less than that of WT without BRL49653 (BRL). The addition of BRL marginally increased the transcriptional activity of the L466A mutant, but this activity was less than that of WT in the absence of ligand. The DBDm mutant was unable to activate transcription of the luciferase reporter even after the addition of ligand.
To study the DNA binding abilities of these mutants, electrophorectic mobility shift assays were carried out. In vitro translated PPARγ and RXRα were incubated with a 32 P-labelled oligonucleotide probe containing a consensus PPRE. RXRα was included in all reactions due to the requirement for PPARγ heterodimerization with RXRα for DNA binding. Both PPARγ WT and the L466A mutant were able to bind to the PPRE with or without ligand (Fig. 2) . The DBDm mutant had no detectable DNA binding activity relative to PPARγ WT (Fig. 2) . This result indicates that the reduction of transcription shown by the L466A mutant was not due to decreased DNA binding ability. In contrast to the L466A mutant, the loss of transcriptional activity shown by the DBDm mutant is likely due to the loss of DNA binding ability.
Next, we confirmed that the reduced transactivation function of L466A is dependent upon its LBD mutation. Transient transfections were done using a Gal4DBD expression vector (Gal4) containing the LBD of PPARγ in the context of a UAS-E1bTATA-Luc reporter gene (Fig. 3A) . This luciferase reporter contains five copies of the UAS Gal4 response element upstream of E1b-TATA-luciferase (UAS-E1b-TATA-Luc). Transfection of Gal4WT-LBD led to a 20-fold increase in transactivation of the reporter after the addition of 1 µmol/l BRL (Fig. 3B) . Gal4L466A-LBD exhibited basal suppression of the reporter without ligand, and transcriptional activity was increased only two-fold by the addition of 1 µmol/l BRL.
The L466A mutant exhibits strong dominant negative activity. The lack of transcriptional activity of the L466A mutant indicates that this mutant could possess dominant negative activity. The potential dominant negative effect of the L466A mutant was examined by cotransfection of PPARγ WT with equal or increasing amounts of the mutant in the context of the 2XPPRE luciferase reporter. With ligand (BRL 1 µmol/l), cotransfection of an equal amount of L466A reduced the transcriptional activity of PPARγ by approximately 50% (Fig. 4A ). Higher concentrations of the L466A mutant suppressed WT transcriptional activity comparable to that of pCMX empty vector control. Titration of WT transcriptional activity by cotransfection of the DBDm mutant required a five-fold excess of DBDm to reduce the transcriptional activity of PPARγ by 50% (Fig. 4B) . Increasing the concentration of the Fig. 2 . DNA-binding of PPARγ mutants. The L466A mutant has equivalent DNA binding ability to wild-type PPARγ, whereas the DBDm mutant no longer binds DNA. An electrophoretic mobility shift assay was carried out using an ACO PPRE probe and in vitro translated WT or mutant PPARγ proteins with or without ligand (BRL49653) DBDm mutant, up to 100 ng/well, failed to reduce the transcriptional activity to that of the pCMX empty vector. The L466A mutant therefore exerts a strong dominant negative effect, whereas a mutant lacking DNA binding ability is unable to reduce the transcriptional activity of wild-type PPARγ to the same degree.
The L466A mutant shows altered cofactor recruitment and release. A mammalian two-hybrid assay was used to study the molecular interaction of transcriptional cofactors with the L466A mutant in an attempt to elucidate the mechanism of its dominant negative activity. The DBDm mutant was not included in these studies because its impaired transcriptional activity is likely due to its inability to bind and thus transactivate DNA. The mammalian two-hybrid studies consisted of a series of transient transfections with the VP16 activation domain (VP16AD) and the GAL4 DNA binding domain (Gal4DBD) in the context of the UAS reporter gene (Figs. 5A, 6A) . The Leu residue mutated at position 466 of PPARγ is the second L in the characteristic nuclear receptor signature motif (LXXLL motif) of the well-conserved AF-2, a region known to be important for interaction with coactivators. The empty Gal4 vector did not activate the UAS reporter with VP16 vectors containing the interaction domains of either the PBP or SRC-1 coactivators. When coexpressed, PPARγ WT interacted with both PBP and SRC-1. This interaction was further enhanced, approximately two-fold and four-fold respectively, by the addition of 1 µmol/l BRL. PBP interacted weakly with L466A and SRC-1 did not interact with the L466A mutant, consistent with X-ray crystallographic data showing that this Leu residue is critical for the interaction with SRC-1.
Helix 12, containing the AF-2 domain, serves to trigger the release of corepressors from members of (A) The L4664 mutant exerts a dominant negative effect; coexpression with an equal concentration of WT reduces transcriptional activity by 50%. (B) A five-fold excess of the DBDm is required to reduce wild-type PPARγ activity to 50% as compared to an equal concentration of the L466A mutant. TSA cells were transfected with 500 ng/well of 2X PPRE-TK-Luc and the indicated PPARγ constructs (WT, L466A, and DBDm). Increasing concentrations of the L466A and DBDm DNA were added to 10 ng/well of PPARγ. Increasing pCMX empty vector (up to 100 ng) was added to compensate for increased total DNA concentration. Transfection and luciferase assays were carried out nuclear hormone receptors. Mutation or deletion of helix 12 of thyroid receptors and retinoic acid receptors enhances the interaction with corepressors and reduces the release of the corepressors after ligand binding. As the LBD of the L466A mutant showed suppression of basal receptor activity, additional mammalian two-hybrid studies were used to test the hypothesis that the L466A mutant shows increased binding and impaired release of corepressors after the addition of ligand. This series of transient transfections utilized VP16AD and Gal4DBD vectors containing the LBDs of various PPARγ constructs and the interaction domains (IDs) of corepressors, respectively (Fig. 6A) . The IDs containing the motifs (where =hydro-phobic amino acid) of hSMRT and mNCoR were inserted into Gal4 DNA binding domain vectors either alone (Gal4-ID1, Gal4-ID2) or together (Gal4-ID1+ID2). The VP16-LBDs of either WT or L466A were cotransfected with the Gal4-IDs of either hSMRT or mNCoR into TSA201 cells with the UASluciferase reporter. ID1, but not ID2, of both hSMRT and mNCoR activated transcription of the reporter (Fig. 6B ) when cells were cotransfected with Gal4-WT. This suggests that ID1 is necessary for the interaction between PPARγ and corepressors. However, longer regions of hSMRT, but not mNCoR, containing both ID1 and ID2, increased transcription approximately ten-fold more than ID1 alone (Fig. 6B) . This finding suggests that the corepressor regions analyzed bind with different affinities to PPARγ. The L466A mutant showed a stronger interaction than wild-type PPARγ with the ID1s of both hSMRT and mNCoR in the absence of ligand. The corepressor ID1 domains were dissociated from the PPARγ constructs in a ligand-dependent manner (Fig. 6C) . However, the L466A mutant demonstrated greatly impaired liganddependent corepressor release as evidenced by the decreased reduction of transcription with ligand (Fig. 6B) . Mutation of a single amino acid in the motif of the ID1 of both corepressors (ID1M) completely abolished the ability of the corepressors to interact with the LBD of the PPARγ constructs. Consistent with the proposed dominant negative action of the L466A mutant, the ID1s of both hSMRT and mNCoR have a stronger interaction with mutant than wild-type PPARγ and delayed dissociation upon addition of an increasing concentration of ligand (Fig. 6C) .
Adipogenesis is impaired with the adenovirus-directed
PPARγ dominant negative mutant, Ad-L466A Adipogenesis was studied to investigate the cellular function of the L466A mutant. To this end, the murine 3T3-L1 preadipocyte cell line was infected with equal amounts of adenovirus directed β-galactosidase (AdGal), PPARγ WT (AdWT) or PPARγ mutants (AdL466A, AdDBDm). The titration of adenoviral constructs necessary to achieve a transduction efficiency of 95 to 100% was calculated to be 1000 Pfu per cell. Equivalent protein expression at 1000 Pfu per cell of each adenovirus was confirmed by Western blotting. It has been previously shown that adenovirus gene expression driven by a CMV promoter peaks 3 to 5 days after infection [37] . Thereafter, gene expression decreases, but is maintained up to 21 days postinfection. An unexpected lipid accumulation was observed by Oil red-O staining in 3T3-L1 preadipocytes infected with AdWT without the PPARγ ligand BRL (Fig. 7B) . The PPARγ infected cells adopted the morphology characteristic of adipocytes, whereas control 3T3-L1 cells infected with AdGal did not undergo differentiation (Fig. 7A, B) . Preadipocytes infected with either AdL466A or AdDBDm exhibited limited lipid accumulation in the absence of ligand, and most of the cells remained in an undifferentiated state (Fig. 7C, D) . TZDs alone, including BRL, have been reported to induce adipogenesis in 3T3-L1 cells. In order to confirm (C) Defective dissociation of corepressors from the L466A mutant in a ligand-dependent manner. Equivalent amounts of Gal4 constructs (Gal4SMRT-ID1 or Gal4NCoR-ID1) and VP16 constructs (50 ng/well) were cotransfected into TSA cells with the UAS-E1b-TATA-luc reporter (500 ng/well). Eighteen hours post-transfection, increasing concentrations of BRL49653, from 10 nmol/l to 10 µmol/l, were added to the cells. The cells were incubated for an additional 24 h, and then harvested for luciferase assays BRL-induced adipogenesis in 3T3-L1 cells, AdGal infected 3T3-L1 cells were treated with BRL every 48 h for 8 days (Fig. 7E) . Marginal lipid accumulation was observed in these cells when compared to those that received no ligand treatment (Fig. 7A, E) . Infection of AdWT into 3T3-L1 cells and subsequent treatment with ligand led to increased adipocyte formation and lipid accumulation (Fig. 7F) . However, the morphological characteristics of the adenovirus-infected adipocytes treated with BRL differed from those of infected cells that did not receive ligand. Adipocytes treated with ligand were smaller in size and contained less lipid than those that received no ligand.
To evaluate whether PPARγ mutants are capable of blocking ligand-induced adipogenesis, the 3T3-L1 cell treatment (A, B, C, D) . Two days post-induction, and every 2 days for 8 days total, the media was replaced with fresh media (A-D; I-L) or with fresh media containing 1 µM BRL 49653 (E-H; M-P). Cells were gently washed and stained with Oil-Red O on the 8 th day of differentiation. Panels A-P are shown at 400X magnification. Panels Q-T are shown at 100× magnification and represent enlarged fields of view for Panels I-L line was infected with either AdL466A or AdDBDm. Those cells infected with either AdL466A or AdDBDm and given BRL were fewer in number and showed less lipid accumulation (TG content: 60.5±2.0 mg/dl and 66.8±4.2 mg/dl, respectively) than both the AdWT infected cells (TG content: 91.6±2.6 mg/dL) and the control group (TG content: 97.8±4.2 mg/dL) (Fig. 7E-H) . However, the size and number of lipid vesicles in individual adipocytes was greater in the AdL466A group than in the control group. Morphologically, the lipid accumulation pattern and shape of adipocytes in the AdL466A cells given ligand (Fig. 7G ) was similar to that in the AdWT cells that were not treated with ligand (Fig. 7B) . The lower degree of lipid accumulation in AdL466A infected cells given ligand as compared to AdWT infected cells that did not receive ligand is consistent with the in vitro transfection data (Fig. 1B) . The morphology of the adipocytes from the AdDBDm group treated with BRL also differed from that of either the AdGal control or AdL466A infected cells (Fig. 7H) .
A differentiation cocktail commonly used to induce 3T3-L1 cells into adipocytes is referred to as MDI and contains methylisobutylxanthine, dexamethasone, and insulin. In the next series of experiments, AdL466A or AdDBDm were infected into 3T3-L1 cells induced to differentiate by MDI treatment. The MDI cocktail itself significantly induced adipocyte formation as compared to BRL treatment alone in Ad-Gal infected cells (Fig. 7 , panels I and E). Treatment with a combination of MDI and BRL gave rise to an increase in number and a decrease in size of adipocytes, as compared to those cells treated solely with MDI (Fig. 7,  panel M) . Lipid accumulation in individual MDIinduced adipocytes was more pronounced in the absence of further treatment with BRL. Further infection with AdWT did not increase adipocyte formation, but rather these cells underwent less adipogenesis. When 3T3-L1 cells were infected with AdL466A and induced to differentiate by MDI, both the number of adipocytes formed and lipid accumulation wherein were dramatically reduced (Fig. 7, panel K) . This reduction was comparable to that achieved with AdL466A-infected cells that received neither MDI nor BRL treatment (Fig. 7, panel C) . This result clearly demonstrates that AdL466A can inhibit MDI-induced adipogenesis (Fig. 7, panel K) . Infection with AdDBDm (Fig. 7 , panel L and P) did not inhibit MDIinduced adipogenesis to the extent seen with infection by AdL466A (Fig. 7, K and O) , a result consistent with the transfection data (see Fig. 4B ). These functional studies confirm that L466A is a strong dominant negative form of PPARγ.
Adenovirus-directed expression of the L466A mutant blocks PPARγ upregulation of the adipocyte-specific genes, aP2 and adipsin. To investigate the regulation of genes controlling the adipocyte phenotype of adenoviral-infected 3T3-L1 cells, we used 32 P-labelled semi-quantitative RT-PCR of known PPARγ target genes in adipocytes. Total RNA was isolated from Ad-expressing cells after 8 days post-confluent culture using three different conditions. The expression of aP2 and adipsin differed based on the differentiation conditions, and undifferentiated 3T3-L1 cells infected with AdGal did not have detectable expression of either gene product (Fig. 8A) . BRL treatment induced the expression of aP2 with or without prior MDI induction. However, the expression of aP2 in MDIinduced adipocytes was lower than that of BRL-induced adipocytes. The expression pattern of adipsin was just the opposite, as adipsin was increased in the adipocytes, but MDI-induced adipocytes had a higher expression relative to BRL-induced adipocytes. This The L466A mutant reduces expression of aP2 and adipsin in differentiated 3T3-L1 cells. Total RNA was isolated on the 8 th day of differentiation. Isolated RNA was subjected to the semi-quantitative RT-PCR using specific primers for aP2, adipsin, and cyclophilin as a control. PCR products were separated by 6% non-denaturing polyacrylamide gel electrophoresis and autoradiographed. (B) aP2 and adipsin expression levels were normalized to cyclophilin using densitometry is consistent with a report that categorized adipsin as a cluster27 gene, upregulated by MDI and downregulated by TZD in adipocytes. Overexpression of PPARγ WT in 3T3-L1 cells was sufficient for aP2 expression consistent with adipocyte morphology (Fig. 7B) . The addition of BRL to these PPARγ-over-expressing cells further increased aP2 expression. Those cells infected with AdL466A or AdDBDm and treated with BRL showed reduced aP2 expression to approximately 50% the expression seen in Ad-WT or Ad-Gal infected cells treated with BRL. The induction of adipogenesis by MDI was sufficient to induce aP2 expression. Combination of MDI-induction and BRL treatment resulted in a similar pattern of aP2 expression as BRL treatment alone. The expression of adipsin in MDI-induced cells infected with AdL466A or AdDBDm was decreased relative to those cells infected with AdWT or AdGal. The further addition of BRL to MDIinduced adipocytes led to sharp reductions in adipsin expression for all infected cells. Cyclophilin was used as a control in the RT-PCR studies. AdL466A infection clearly blocks the up-regulation of both aP2 and adipsin (Fig. 8B) , consistent with the inhibition of adipogenesis by this dominant negative PPARγ mutant.
Discussion
We have shown that the mouse PPARγ L466A mutant interferes with the differentiation of 3T3-L1 cells into adipocytes. Co-expression of equivalent amounts of the L466A mutant and wild-type PPARγ reduced the transcriptional activity of wild-type PPARγ by 50%. This mutant exhibits altered cofactor recruitment and release, and strongly inhibits the adipogenesis of 3T3-L1 cells, whether induced by a differentiation cocktail (MDI), or a PPARγ thiazolidinedione ligand (BRL49653). A second PPARγ mutant, a double point mutant in the DBD (E127G/G129/S, DBDm), is unable to bind to a consensus PPRE and it less effectively inhibits wild-type PPARγ. We initially designed the DBDm as a negative control, anticipating that DNA binding would be required for dominant negative inhibition, as is the case for mutant thyroid hormone receptors [29, 43] . However, the DBDm exerts some dominant negative activity, particularly at high concentrations. A comparison of the morphology of 3T3-L1 adipocytes infected with adenoviral-directed L466A or DBDm indicates that the DBDm is less effective at blocking both BRL-and MDI-induced adipogenesis. However, the DBDm inhibits gene expression of two markers of adipogenesis, aP2 and adipsin, as potently as the L466A mutant. Although not the major focus of this study, this feature could be of interest, as it might reflect titration of limiting coactivators [51, 52] , or interactions with components of the PPARγ pathway proximal to DNA binding [49, 53, 54] . The MDI differentiation cocktail activates the PI3 K and PKA signaling cascades and leads to activation of transcription factors involved in adipogenesis [55] . Thus, it is likely that both the L466A and DBD mutants possess dominant negative activity, but use different mechanisms of action to achieve this effect. In this study we chose to focus on the dominant negative behaviour of the L466A mutant, likely due to its altered cofactor recruitment profile.
Increasing evidence suggests that the progression of adipogenesis is regulated by PPARγ cofactor availability. The exchange of cofactors, corepressors to coactivators, with ligand, has been well studied for both the retinoic acid receptor and thyroid receptor families [9] . Without ligand, corepressors such as NCoR and SMRT bind to helix 12 of these receptors through their interaction domains (IDs). While the interaction of PPARγ with coactivators has been characterized extensively [8, 12, 13, 14, 15, 16] , its interaction with corepressors has not been well studied. Our findings, and two other studies [27, 56] , show that PPARγ interacts with corepressors without ligand. Mammalian two-hybrid studies show that PPARγ prefers to interact with ID1 of both the mNCoR and hSMRT corepressors. This study shows that corepressors bind with increased affinity through their ID1s to the L466A dominant negative mutant, when compared to their binding to wild-type PPARγ. Additionally, the dissociation of the mNCoR or hSMRT ID1 from the L466A mutant upon the addition of PPARγ ligand required a 100-fold increase in ligand concentration compared to the dissociation from wild-type PPARγ. The altered corepressor association profile is likely to be an important feature of the dominant negative action of the L466A mutant.
A dominant negative double point mutant, L468A/E471A, has been previously reported in human PPARγ [27, 28] . The location of the L466A mutation in mouse PPARγ corresponds to the L468A mutation in human PPARγ, as the human protein contains two additional amino acids at amino-terminus. Others [27] incorporated a second mutation of the glutamate residue at position 471, a residue that is highly conserved throughout helix 12 of the nuclear receptor family. The L466A mutation presented here confirms their finding that mutation of helix 12 creates a PPARγ construct with strong dominant negative activity. The single L466A mutation is sufficient to inhibit adipogenesis as well as PPARγ-target gene regulation. The leucine residue at position 466 of the AF-2, part of the nuclear receptor LXXLL motif, clearly plays an important role in the exchange of cofactors.
In addition to its role in the regulation of adipogenesis, PPARγ has been implicated in glucose homeostasis and insulin sensitivity. While the role of PPARγ as a determinant factor in adipogenesis both in vitro and in vivo has been well characterized, the insulin sensitizing function of PPARγ remains unclear. The activation of PPARγ by TZDs improves insulin sensitivity and lowers blood glucose values, but results in body weight gain [23, 24] . The reduction of PPARγ function by dominant negative mutations (P465L and V290M) in human PPARγ is associated with severe insulin resistance and diabetes [26] . However, the moderate reduction of PPARγ function by the Pro12Ala PPARγ polymorphism in human mutations improves insulin sensitivity and lowers body mass index [57] . Mouse studies are consistent with improved insulin sensitivity in the setting of reduced PPARγ function. PPARγ heterozygous knock-out mice [18] show increased insulin sensitivity and inhibition of high-fat diet-induced obesity [58, 59, 60] . Interestingly, further inhibition of PPARγ in the heterozygous PPARγ deficient mice by treatment with PPAR or RXR antagonists leads to the re-emergence of insulin resistance [25] . Thus, the insulin sensitizing action of PPARγ in vivo could be dose-dependent, and the tissues that facilitate glucose homeostasis such as adipocytes, muscle and liver might be sensitive to the precise amount of active PPARγ. Improvement of insulin sensitivity by pharmacological activation or genetic reduction of PPARγ in mouse could be explained by the prevention of adipocyte hypertrophy and decreased free fatty acids in muscle and liver [25] .
The reduction of active PPARγ function through the use of a dominant negative mutant in vivo would be useful to better understand the role of PPARγ in insulin sensitivity. To this end, we plan to "knock-in" the L466A mutation in the mouse to assess its effects on PPARγ in vivo. The heterozygous model will provide insight into the mechanism by which PPARγ regulates adipogenesis and insulin sensitivity.
